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Close-coupling calculations and experiment are combined in this work, which is aimed at establish-
ing a set of state-to-state rate coefficients for elementary processes i j → m in O2:O2 collisions at
low temperature involving the rotational states i, j, , m of the vibrational ground state of 16O2(3−g ).
First, a set of cross sections for inelastic collisions is calculated as a function of the collision energy
at the converged close-coupled level via the MOLSCAT code, using a recent ab-initio potential energy
surface for O2-O2 [M. Bartolomei et al., J. Chem. Phys. 133, 124311 (2010)]. Then, the correspond-
ing rates for the temperature range 4 ≤ T ≤ 34 K are derived from the cross sections. The link
between theory and experiment is a Master Equation which accounts for the time evolution of rota-
tional populations in a reference volume of gas in terms of the collision rates. This Master Equation
provides a linear function of the rates for each rotational state and temperature. In the experiment,
the evolution of rotational populations is measured by Raman spectroscopy in a tiny reference vol-
ume (≈2 × 10−4 mm3) of O2 travelling along the axis of a supersonic jet at a velocity of ≈700
m/s. The accuracy of the calculated rates is assessed experimentally for 10 ≤ T ≤ 34 K by means
of the Master Equation. The rates, jointly with their confidence interval estimated by Monte Carlo
simulation, account to within the experimental uncertainty for the evolution of the populations of the
N = 1, 3, 5, 7 rotational triads along the supersonic jet. Confidence intervals range from ≈6% for
the dominant rates at 34 K, up to ≈17% at 10 K. These results provide an experimental validation
of state-to-state rates for O2:O2 inelastic collisions calculated in the close-coupling approach and,
indirectly, of the anisotropy of the O2-O2 intermolecular potential employed in the calculation for
energies up to 300 cm−1. © 2011 American Institute of Physics. [doi:10.1063/1.3585978]
I. INTRODUCTION
Rotational excitation and de-excitation of molecules by
inelastic collisions with atoms or other molecules is a problem
of increasing importance in the physics and chemistry of rar-
efied gases. Modeling of media such as the interstellar molec-
ular gas, planetary atmospheres, comet environments, or lab-
oratory supersonic jets and molecular beams requires a deep
knowledge of inelastic collisions in the lower end of the ther-
mal scale. But also remote probing of such media rests upon
inelastic collisions, since all detection methods based on spec-
tral line shapes and widths depend quantitatively on the col-
lision scattering matrix.1 This matrix can be calculated accu-
rately by solving the close-coupling Schrödinger equations2
provided a good potential energy surface (PES) for the in-
teracting molecules is available. The information associated
to the molecular collisions involving (i, j) precollisional and
(, m) post-collisional quantum states is usually expressed in
terms of the kinetic energy of the collision by means of the
state-to-state cross sections σi j→m or, more commonly, in
terms of the translational temperature of the gas medium by
means of the related rate coefficients ki j→m . In any case the
procedure implies a high computational cost.
a)Author to whom correspondence should be addressed. Electronic mail: em-
salvador@iem.cfmac.csic.es.
As stated by the generalized Boltzmann equation, the
σi j→m’s, or their associated ki j→m rates, quantify the ef-
fect of elementary collisional events i j → m onto the time-
space evolution of the position(r)-velocity(v) distribution
function.3–6 A central result of these developments is the
mathematical theory of transport phenomena.7–10 Nonethe-
less, the experimental and theoretical information available so
far on the main transport properties of O2 (shear and volume
viscosity, thermal conductivity, diffusion coefficient, etc.) is
very limited at temperatures under 300 K. Molecular dynam-
ics simulations of these quantities have been reported for the
thermal range between 200 < T < 600 K, showing a modest
agreement with the experiment.11
Spectral lineshape studies on pure O2 spanning the ther-
mal domain from 100 up to 1600 K have been reported for
several spectral regions employing different approaches. Mi-
crowave and Raman spectral line shapes, and relaxation ef-
fects were studied in connection with an empirical potential
for O2 + O2.12 Self-broadening, shifting, and line-mixing co-
efficients for pure O2 have been investigated in the A-band re-
gion by Fourier-transform absorption spectroscopy in the visi-
ble (≈13000 cm−1),13 in the 60-GHz and 118-GHz bands (≈2
and ≈4 cm−1) by microwave spectroscopy,14, 15 in the fun-
damental vibration-rotation band by coherent anti-Stokes Ra-
man spectroscopy16 and stimulated Raman spectroscopy,17, 18
and in the pure rotational spectral region (0–150 cm−1) by
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spontaneous Raman spectroscopy.19 Other works on spectral
lineshapes of O2 in air can be found in the literature.20–22
The interpretation of many of these data has been conducted
within approximated semiclassical collisional models. How-
ever, as far as we are aware, the problem has not been consid-
ered yet in terms of the exact quantum scattering theory using
state-to-state collisional cross sections or rates.
The aforementioned reasons point at the central role of
cross sections and rates for studying today’s fundamental
problems, and practical problems tomorrow. Aquilanti et al.23
measured total integral cross sections of rotationally hot and
cold molecular beams of molecular O2 by target O2 and de-
rived an intermolecular PES from these data.24 They were not
able, however, to obtain information about state-to-state rota-
tionally inelastic processes, which are highly sensitive to the
anisotropy of the interaction. Scattering calculations have pro-
vided some preliminary results on de-excitation rates of oxy-
gen molecules by inelastic collision with helium atoms,25–28
as well as on O2:O2 self-collisions.29 However, no experimen-
tal data on the subject appear to have been reported to date.
In the present work we report a computational-
experimental study where the relevant set of rates for O2:O2
inelastic collisions in the thermal range 4 ≤ T ≤ 34 K is cal-
culated in the frame of the close-coupling method2, 30 using
a recent global ab-initio PES for the O2-O2 interactions.31
This PES represents a considerable improvement with respect
to previous ab-initio potentials32, 33 mainly because electronic
correlation is included by means of high level methods. The
accuracy of the calculated rates is then assessed experimen-
tally in the range 10 ≤ T ≤ 34 K by means of the evolution
of rotational populations measured by Raman spectroscopy
along supersonic jets of pure O2. The confidence interval of
the rates is obtained by a comparison with the experimental
data, in this way validating quantitatively the PES employed
in the close-coupling calculation.
II. CLOSE-COUPLING CALCULATIONS
A. Energy levels of O2
The 16O2 molecule considered here in its 3−g elec-
tronic ground state has total electron spin S = 1, which arises
from the parallel spins of its two unpaired electrons. Cou-
pling of the total electron spin with the rotational angular
momentum N (Hund’s case b) leads to a total angular mo-
mentum vector J = S + N. Consequently, the possible val-
ues of the total angular momentum quantum number for
the rotational levels are J = N , N ± 1, with N = 1, 3, 5, . . ..
For each N , the rotational levels are grouped in triads J
= N + 1, J = N , and J = N − 1, shown in Fig. 1. Raman-
active (Stokes) transitions between these levels obey N =
+ 2 and J = 0,+1,+2 selection rules. Some of these six
active J transitions differ by less than 0.1 cm−1 and can-
not be resolved by the linear Raman spectroscopy set up em-
ployed in this work, with the result that just a triplet is ob-
served for each N → N + 2 band. These triplets (see Fig.
1, bottom) display an intense central band and two satel-
lites at ≈ ±2 cm−1 from it, which decrease fast in intensity
for an increasing N . Since the rotational temperature in the
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FIG. 1. Structure of the N → N + 2 triplets in the rotational Raman spec-
trum of 16O2. Adapted from Ref. 19.
present experiments is Tr ≥ 19 K and the spectral resolution is
≈0.5 cm−1, the transfer of population induced by
O2(Na, Ja) + O2(Nb, Jb) −→ O2(N ′a, J ′a) + O2(N ′b, J ′b),
(1)
elementary collisional processes between the resolved N , J
levels of molecules a and b is hardly detectable, and only
global transfer between N -triads can be measured with the
required accuracy. This is described by the reduced process,
O2(Na) + O2(Nb) −→ O2(N ′a) + O2(N ′b), (2)
which will be generically described below as
O2(i) + O2( j) −→ O2(l) + O2(m), (3)
by means of reduced cross sections σi j→lm in terms of en-
ergy of the colliding pairs, or by reduced rates ki j→lm in terms
of the translational temperature of the thermal bath. This
simplification implies that all collisions where Na = N ′a and
Nb = N ′b or Na = N ′b and Nb = N ′a are considered as elastic,
whatever the J changes occurring in the collision.
B. Potential energy surface of O2 + O2, inelastic cross
sections, and rates
The open-shell character of O2(3−g ) implies that the
O2 + O2 collision complex may have total electron spin 0,
1, or 2, with singlet, triplet, or quintet spin multiplicity,
respectively. In this work we have used a recent ab-initio
PES where the quintet multiplicity was obtained by the re-
stricted coupled cluster with single, double, and perturbative
triple excitations [RCCSD(T)] method,34 whereas the singlet
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and triplet PES’s referred as CC-PT2 in Ref. 31 were ob-
tained by combining the RCCSD(T) quintet potential with
calculations of the singlet-quintet and triplet-quintet split-
tings at the complete active space second order perturbation
(CASPT2) level of theory. Due to the anisotropy of the in-
teraction, spherical harmonic expansions with a large num-
ber of terms were built from the ab-initio data. These PES’s
were extended for large intermolecular distances by using
ab-initio long range coefficients.35 The new ab-initio PES’s
provide fairly good agreement with experimental second
virial coefficients,31 as well as with the glory structures of
total cross sections in molecular beam experiments.24 Such
experimental data largely yield information on the isotropic
part of the PES’s, and only to some extent on its anisotropy.
In contrast, the present collision experiments provide signifi-
cant information on the anisotropy of the PES’s.
The theory for the calculation of the σi j→lm cross sections
in the scattering of two identical linear rigid rotors has been
reviewed recently.29 Here we focus on some aspects specifi-
cally related to the present problem and refer to Ref. 29 for
details, particularly those regarding the indistinguishability of
the colliding partners.
The molecular symmetry group for the interaction be-
tween two identical homonuclear diatoms is G16.29, 36 In the
MOLSCAT code,30 used in this work, the close-coupled equa-
tions were solved separately for each symmetry block of
G16.37 Appropriate statistical weights have been given to the
computed symmetry-adapted cross sections.29 Regarding the
monomers exchange operation, the singlet and quintet elec-
tronic states of O2 + O2 are symmetric, whereas the triplet
one is antisymmetric.38 Therefore, the cross sections must be
obtained using even (ξ = +1) or odd (ξ = −1) spatial wave
functions for the singlet (S) and quintet (Q), or triplet (T)
states, respectively,
σ
S,T,Q
i j→lm ≡ σ ind,ξi j→lm ξ = +1, S, Q states
ξ = −1, T state , (4)
where σ ind,ξi j→lm refers to the cross section for indistinguishable
molecules.
In order to determine the adequate correction factors for
preventing double counting when the rotational states of reac-
tants/products are the same (i = j and/or l = m), it is useful
to recall the relationship between the cross sections for distin-
guishable and indistinguishable molecules:29, 37
σ
ind,ξ
i j→lm = σ di j→lm + σ ei j→ml + ξσ inti j→lm, (5)
where σ d and σ e refer to the so-called direct and exchange
processes,39 and σ inti j→lm accounts for quantum interference ef-
fects. Neglecting such interference effects, Eq. (5) is the same
as Eq. (29) of Ref. 40, except for a correction factor
F1 = (1 + δi jδlm)[(1 + δi j )(1 + δlm)]−1. (6)
There is no agreement in the literature about this factor, as a
different factor
F2 = [(1 + δi j )(1 + δlm)]−1, (7)
has been employed by other authors.41–44 The difference be-
tween F1 and F2 only affects those cross sections and rates
where i = j and  = m, becoming F2 = F1/2 for these cases.
The experimental results discussed in this work provide some
clues about these factors. Unless otherwise indicated, the re-
sults given below have been calculated with F2.
The calculated singlet, triplet, and quintet cross sections
differ from each other by up to 20%. In order to compare with
the experiment they have been averaged using the degeneracy
of each PES as statistical weight.24 In summary, the cross sec-
tions to be used in the calculation of the rate coefficients are
given by
σi j→lm = Fα ×
5σ Qi j→lm + 3σ Ti j→lm + σ Si j→lm
9
, (8)
with α = 1 or 2.
The rate coefficients are then obtained by the
transformation
ki j→lm(Tt ) = 〈v〉(kB Tt )2
∫ ∞
Es
σi j→lm(E)
exp(E/kB Tt )
Ed E, (9)
which averages the cross sections weighted with the Boltz-
mann distribution over a range of energies. This leads to a
smooth dependence of the ki j→lm rates on the translational
temperature (Tt ); E = ET − Ei − E j is the available prec-
ollisional kinetic energy for the molecules in the i and j
rotational levels, Es is the minimum kinetic energy for the
rotational levels l and m to become accessible, and 〈v〉
= (8kB Tt/πμ)1/2 is the mean relative velocity of the colliding
partners of reduced mass μ for a Boltzmann distribution.
C. Computational details and results
The MOLSCAT code30 has been used for computing the
cross sections for the singlet, triplet, and quintet PES’s of
Ref. 31. The cross sections were computed with the symme-
try ξ according to Eq. (4), and the quantum interference ef-
fects included in Eq. (5) were found to be negligible at most
energies. Such effects become completely washed out in the
calculation of the rate coefficients.
A total of 16 pairs of rotational levels of 16O2 were in-
cluded in the close-coupled equations. Their internal energies
are listed in Table A1 of the supplementary material.45 The
calculations were carried out for a grid of 700 points rang-
ing from a total energy ET = 20.13 cm−1 up to 300 cm−1.
The energy step was of 1 cm−1 in the regions with small
dσ/d ET gradients, decreasing the step size to 0.3 cm−1 for
increasing gradients. Even denser grids were employed near
the opening of the different channels in order to account for
converged rate coefficients at the lowest translational temper-
atures. The close-coupled equations were solved by means of
the hybrid log-derivative-Airy propagator of Alexander and
Manolopoulos.46 The propagation was carried out with the
modified log-derivative method from a minimum intermolec-
ular distance of 2.5 Å to an intermediate one of 11.7 Å, and
with the Airy method up to a maximum of 27.3 Å. Typi-
cal step sizes for the log-derivative propagation were about
0.03 Å. The reduced mass used was 15.9949146 amu. Total
angular momentum J of the collision complex was increased
until the partial cross sections for the last four consecutive
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FIG. 2. Close-coupling calculated excitation state-to-state cross sections for
O2:O2 collisions versus the available precollisional kinetic energy (E). Fac-
tor F2 employed in the calculation. Colliding molecules considered indistin-
guishable.
J ’s contributed each with less than 0.005 Å2 (this led to a
maximum of J = 126 for the highest energy considered).
Convergence of the close-coupling calculations with the
number of channels is slow. In order to check the convergence
of the cross sections with the rotational basis, test calculations
at given values of the total energy have been run including six
additional pairs of rotational levels. The results are shown in
Table A2.45 These calculations imply solving sets of close-
coupling equations of about 800 and 1500 channels, respec-
tively, for each value of J . As shown in Table A2,45 the cross
sections for the lowest energies (≈100 cm−1) are converged to
better than 1%, whereas for the highest energy (≈300 cm−1)
some errors become ≈10%. However, these poorly converged
cross-sections have little impact in the context of the Master
Equation (MEQ) considered below, since they are multiplied
in Eq. (9) by the tail of the Boltzmann distribution when trans-
formed into rate coefficients. Such tails are small in the ther-
mal range investigated here.
The calculated set of cross sections includes most colli-
sionally induced transitions in the domain of quantum number
N = {i, j, , m} ≤ 9, (N = odd) and reduced energy gaps
/B =|i(i + 1) + j( j + 1) − ( + 1) − m(m + 1)| ≤ 108,
where B = 1.43767 cm−1 is the rotational constant of 16O2.47
A representative set of calculated cross sections is shown in
Fig. 2.
The rate coefficients were obtained from a numerical in-
tegration of Eq. (9). For the range of energies used in the
calculation of the cross sections, the convergence of the rate
coefficients is guaranteed to better than 5% for translational
TABLE I. A selection of close-coupling calculated down-rate coefficients
ki j→m for O2:O2 collision-induced transitions between the lowest rotational
N -triads of O2 at 34, 22, and 10 K; /B are the reduced energy gaps (see
text); 1σ confidence intervals with respect to the experiment are given. Rates
are in units of 10−20 m3/s. Colliding molecules are considered indistinguish-
able. See extended Table A3 in Ref. 45.
Process /B Tt = 34 K 22 K 10 K
i j → m
51 → 33 8 5020 5351 5477
±650 ±368 ±1456
31 → 11 10 3422 3621 3755
±334 ±267 ±626
33 → 13 10 3824 4060 4218
±241 ±236 ±753
35 → 15 10 4654 4728 4557
±380 ±535 ±3122
37 → 17 10 3141 3075 2922
±1056 ±2411 a
39 → 19 10 2320 2217 2050
a a a
15 → 13 18 5221 5475 5478
±544 ±278 ±1951
53 → 33 18 3843 3941 3709
±392 ±240 ±2317
55 → 35 18 3460 3544 3472
±615 ±548 a
57 → 37 18 4824 4838 4546
±1761 ±2843 a
33 → 11 20 770 806 826
±62 ±65 ±277
51 → 11 28 1086 1132 1077
±206 ±201 <2800
53 → 13 28 2875 2948 2788
±149 ±171 ±2070
55 → 15 28 1206 1242 1179
±229 ±394 a
57 → 17 28 1742 1804 1752
±651 ±1801 a
aa=ill-determined
temperatures 4K ≤ Tt ≤ 34 K. A selection of rates for the
collisional transitions between the lowest N -triads is given in
Table I. A larger set including 66 processes is given in Table
A3.45 This set is complete enough to discuss the experimen-
tal results up to 34 K without omitting significant collisional
contributions.
III. MASTER EQUATION
The link between experiment (the jet axis) and theory (the
calculated collisional rates) is provided by a MEQ: (Ref. 40)
d Pi
dt
= n
∑
j
∑
≤m
(−Pi Pj ki j→m + P Pmkm→i j )Qi jm,
(10)
which describes the time evolution of the population Pi of
a quantum state i as a consequence of inelastic collisions
in a single-component molecular gas at instantaneous num-
ber density n and translational temperature Tt . In the ab-
sence of chemical reactions or radiative transfer the MEQ (10)
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represents the conservation of matter, and is free from approx-
imations other than neglecting triple collisions. These condi-
tions are satisfied in the experiments described below.
The indices i, j, , m in Eq. (10) are to be identified here
with the rotational quantum number N of the colliding O2
molecules, and the ki j→m’s with the inelastic collisional rates
at the local translational temperature Tt (z) involved in the re-
duced processes of Eqs. (2) and (3) occurring at position z of
the jet axis. This means that Pi is the population of the rota-
tional triad of close-lying energy levels for i = N , with the
normalization N PN = 1.
The collisional medium where Eq. (10) is applied to is
a tiny parcel of gas at instantaneous distance z from the noz-
zle and translational temperature Tt (z), travelling along the jet
axis with supersonic flow velocity V (z) = dz/dt . The 16O2
molecules involved in the O2:O2 collisions within the trav-
elling gas parcel are considered indistinguishable, with the
factor
Qi jm = [1 + δi j (1 − δi )(1 − δmi )]
× [1 − δi (1 − δi j )][1 − δmi (1 − δi j )], (11)
accounting in MEQ (10) for the symmetry effects in collisions
between indistinguishable molecules.40
The rates defined by Eq. (9) obey the detailed balance:
km→i j = ki j→m (2i + 1)(2 j + 1)(2 + 1)(2m + 1)
× e(E+Em−Ei −E j )/kB Tt , (12)
where Ei , E j , E, Em are the energies of the rotational
N -triads involved. The upward (“up”) and downward
(“down”) rates will, henceforth, be labeled as kupi j→m and
kdownm→i j , respectively, under the constraint Ei + E j < E +
Em .
Since “up” and “down” rate coefficients may differ at
low temperature by many orders of magnitude, it is conve-
nient to reformulate the MEQ (10) in terms of only “down”
rates, which shows a far smoother thermal dependence than
the “up” rates. With aid of Eq. (12), the MEQ (10) can then
be rewritten in the general form,
d Pi/dt =
∑
τωσρ
aτωσρkdownτω→σρ, (13)
in terms of only “down”rates, i.e., with rotational energy
Eτ + Eω > Eσ + Eρ . The indices τ, ω, σ, ρ run over the
values of the rotational quantum number N , and at least one
of these indices must be equal to i .
The left-hand-side (LH-side) of MEQ (13) accounts for
the population rates d Pi/dt of the rotational triads i = N . It
is fully determined by the local experimental quantities Pi (z)
and Tt (z) along the jet. In turn, each aτωσρkdownτω→σρ term in the
right-hand side (RH-side) of MEQ (13) accounts in a conve-
nient factorized form (instantaneous local quantities × inter-
molecular properties) for the net contribution of the σρ → τω
and τω → σρ time-symmetric collisional processes to the
population rate d Pi/dt . Coefficients aτωσρ are determined by
the experimental data n(z), Pi (z), and Tt (z), and have been
calculated with MEQO2.FOR (option 1), an ad hoc FORTRAN
code. The quantities n, Pi , and Tt have been measured as de-
scribed in detail in Sec. IV.
The kdownτω→σρ rates calculated in Sec. II are supplied as in-
put data for MEQO2.FOR (option 2), yielding the contribution
of each elementary collision to the instantaneous rotational
population rate d Pi/dt , i.e., the individual terms in the RH-
side of the MEQ (13). The numerical values of aτωσρ coef-
ficients and the aτωσρkdownτω→σρ factors at different points (tem-
peratures) of one of the O2 jets investigated here are given in
the supplementary material, columns F and H of Tables A6 to
A13.45
The comparison of the experimental LH-side of MEQ
(13) for the rotational triads i = N = 1, 3, 5, 7 with the corre-
sponding experimental-calculated RH-side at different points
of the supersonic jet allows the accuracy of the calculated
kdownτω→σρ rates to be assessed, providing a wealth of information
about the collisional processes. The procedure is described in
Sec. V in more detail.
IV. EXPERIMENT AND DATA REDUCTION
The methodology employed here48–50 relies on the prop-
erties of supersonic free jets, and on the remarkable capabili-
ties of Raman spectroscopy to measure accurately local quan-
tities along a jet.51–53 Two continuous free jets of O2 at stagna-
tion pressures p0 = 230 and 100 mbar, and stagnation temper-
ature T0 = 297 K, have been measured. The background pres-
sures in the vacuum chamber were 0.0015 mbar and 0.0010
mbar, respectively. These jets were generated by expanding
the gas through a commercial airbrush nozzle54 of diameter
D = 280 μm into a 55 × 44 × 59 cm3 vaccum chamber spe-
cially devised for quantitative Raman spectroscopy. Its vac-
uum system is based on a 2000 liter/s turbomolecular pump
backed by a 25 m3/h scroll pump.
Raman scattering was excited with 5.5 W at 514.5 nm
from an Ar+-laser beam sharply focused perpendicular to the
jet axis. The Raman signal was collected at 90◦ from both,
the jet axis and the laser beam, and was projected with ×10
magnification onto the entrance slit of the spectrometer. This
is an additive double-monochromator with gratings of 2400
l/mm equipped with a CCD detector refrigerated by liquid N2.
The best data set has been obtained from the jet at p0
= 230 mbar. Due to its higher density, compared to the 100
mbar jet, it yields Raman spectra of better signal to noise ratio.
In addition, the zone of silence of the 230 mbar jet is less per-
turbed by the barrel shock boundary than its 100 mbar coun-
terpart. It is well established that the width of the barrel shock
boundary is inversely correlated with Reynolds numbers at
the source,55 which are Re∗ = 1172 and Re∗ = 390 for the
230 and 100 mbar jets, respectively. Consequently, the barrel
of the 100 mbar jet is expected to be about three times broader
than that of the 230 mbar jet. Actually, there is some evidence
that the z > 5000 μm axial region of the 230 mbar jet, and the
z > 3500 μm axial region of the 100 mbar jet are perturbed
by molecules from the hot barrel at ≈290 K. This causes an
undesired slight increase of the temperatures and constrains
the range of accurate thermal data to Tt ≥ 10 K and Tt ≥ 16
K for the 230 and 100 mbar jets, respectively.
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For the aforementioned reasons, the validation of the
km→i j rates calculated in Sec. II is based preferentially on the
data from the 230 mbar jet, while the data from the 100 mbar
jet show good agreement with them in the range 16 ≤ Tt ≤ 34
K.
The primary experimental quantities n and Pi were de-
termined at a number of points along the jet axis at distances
z from the nozzle, as follows.
The number densities n(z) were measured from the in-
tegrated Raman intensity of the Q branch of the vibrational
band of 16O2 at 1555 cm−1,
I vib1555 = K n(z), (14)
which is, to a very good approximation, proportional to the
number density of O2 molecules at the focal spot of the excit-
ing laser beam for a wide range of conditions. The constant
K was determined using static O2 as a reference in the expan-
sion chamber at a pressure of 22 mbar which was measured
with a MKS Baratron 690A of nominal accuracy of 0.08% of
reading. The space resolution of the Raman scattering exper-
iment is high enough to avoid interferences from the lateral
distribution around the paraxial region of the jet, not only for
the number density, but for all other flow quantities measured.
The populations Pi (z) for i = N were determined from
the integrated intensities I (z) of the triplets associated with
the N → N + 2 rotational Raman transitions,19, 56 which can
be reduced to
PN (z) = G I (z)N→N+2 (2N + 1)(2N + 3)(N + 1)(N + 2) . (15)
for the present purpose. The constant G is determined from
the normalization condition
∑
N PN = 1. Representative ro-
tational Raman spectra recorded along the jet axis of one of
the expansions are shown in Fig. 3. There, the 1 → 3 triplet is
evident, the 3 → 5 triplet shows a central line and two weak
satellites, and in the 5 → 7 and subsequent triplets only the
central line is detectable under the present conditions.
While n(z) and Pi (z) are directly measured in the experi-
ment, Tr (z) and Tt (z) are inferred from them. A first important
step is to check to what extent the rotational populations Pi (z)
of the i = N triads obey along the jet to a Boltzmann-like
distribution, so that a rotational temperature Tr (z) is phys-
ically meaningful. This is checked in two ways, by means
of Boltzmann-plots, and then by recalculating the Boltzmann
distribution of populations at different rotational temperatures
and comparing them with the experimental populations. Both
procedures were consistent proving unambiguously that the
vast majority of the molecules are accurately represented by
a rotational temperature Tr , as reported before for supersonic
jets of N2 at comparable source conditions.43, 48, 57, 58 Minor
deviations from a Boltzmann distribution were observed just
at the lower end of observable densities, consistently with an
increasing collisional deficit. This fully justifies the Boltz-
mann distribution hypothesis employed for Tr in earlier re-
laxation studies, but not the Tr values reported for O2 jets on
the basis of an energy balance,59 which are about 40% higher
than the present ones for comparable source conditions. Con-
sequently, the reported rotational collision number Zr ≈ 2
(Ref. 59) is too high. Present results lead to a value Zr ≈ 1.
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FIG. 3. Rotational Raman spectra of 16O2 in a supersonic jet at p0
= 230 mbar and T0 = 297 K through a D = 280 μm nozzle, showing the
N → N + 2 triplets. ZS = zone of silence; NS = normal shock; BS = barrel
shock.
In order to obtain as much information as possible from
the discrete experimental data, these have been treated ac-
cording to numerical procedures which allow for detection of
systematic errors, smoothing, interpolation, statistical analy-
sis of random errors, and accurate numerical derivation in the
case of the populations Pi in the LH-side of Eqs. (10) and
(13). The so treated experimental n(z), Tr (z), and Pi (z) for
i = N = 1, 3, 5, 7 of the jet at p0 = 230 mbar are shown in
Figs. 4, 5, and 6. The values of these quantities for the jets
generated at p0 = 230 and 100 mbar are given in Tables A4
and A5 of the supplementary material.45
The translational temperature Tt (z) has been deduced
from the corresponding local number density and rotational
temperature, by means of
Tt (z) =
(
n
ne
)2/3 [
Te − 23
∫ z
ze
(
n
ne
)−2/3 (dTr
dz
)
dz
]
,
(16)
equation derived from the conservation of energy and momen-
tum along the axial flow line of the supersonic jet, assum-
ing inviscid and adiabatic flow of gas of heat capacity ratio
γ = 7/5.60 Subindex e refers to any point of the jet where the
breakdown of the rotational-translational thermal equilibrium
is still undetectable within experimental accuracy, i.e., satisfy-
ing the condition Tr = Tt = Te for z ≤ ze. It must be stressed
that Eq. (16) does not imply isentropic flow, as was assumed
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FIG. 4. Number density (raw and fit) and flow velocity along the axis of a
supersonic jet of O2 at p0 = 230 mbar, T0 = 297 K, through a D = 280 μm
nozzle. Error bars are 1σ with respect to the best fit.
for the zone of silence of the jets in previous works.43, 49, 50
Nonetheless, Eq. (16) yields Tt values close to those of the
isentropic relation
Tisen(z) = T0
(
1 + γ − 1
2
M2
)−1
, (17)
in terms of the Mach number M(z),61 provided the Tr = Tt
breakdown of equilibrium at z is moderate, as is the case with
the present jets. In fact, Eq. (17) is equivalent to Eq. (16) for
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FIG. 5. Rotational (raw and fit) and translational temperatures along the axis
of a supersonic jet of O2 at p0 = 230 mbar, T0 = 297 K, through a D = 280
μm nozzle. Error bars are 1σ with respect to the best fit.
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the axis of a supersonic jet of O2 at p0 = 230 mbar, T0 = 297 K, through a
D = 280 μm nozzle. Error bars are 1σ with respect to the best fit.
z ≤ ze, and provides here an approximation better than 0.7 K
for z > ze.
The limits of validity of Eqs. (16) and (17) downstream
in the jet are imposed by the availability of enough elastic col-
lisions. If the number of remaining collisions from a point zq
is less than one, a progressive freezing of Tt for z > zq can be
expected, Eqs. (16) and (17) becoming no longer valid.57, 58
The point zq is estimated here on the basis of the similarity
flow theory using the Reynolds number (Re∗) at the source
as a similarity parameter, and the terminal translational tem-
peratures of N2 at the same values of Re∗.58 The estimated
terminal temperatures for the 230 and 100 mbar O2 jets are
Tt∞ = 3.9 and Tt∞ = 7.4 K, respectively. This sets the ap-
proximate limits of validity of Eqs. (16) and (17) in z ≤ 9000
μm and z ≤ 5000 μm, which correspond to translational tem-
peratures Tt ≥ 7 K for the 230 mbar jet, and Tt ≥ 12 K for
the 100 mbar jet. However, the aforementioned perturbation
caused by the barrel boundary of the jets increases these lim-
its to about 10 and 16 K, respectively.
In the explored region of the jet (zone of silence) the flow
is laminar, and the distance z can be related with the time t
elapsed from the beginning of the expansion (z = 0) by means
of the flow velocity V (z) = dz/dt . The population rates in the
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LH-side of MEQ (13) are thus determined from
d Pi
dt
= d Pi
dz
V (z). (18)
Accurate values for the gradients d Pi/dz were retrieved from
the smoothed rotational populations Pi (z) (see Table A5 in45),
while the flow velocity V (z) in Eq. (18) was determined as-
suming the conservation of energy along the jet axis,60 which
leads to
V (z) = [R(7T0 − 5Tt (z) − 2Tr (z))/W ]1/2, (19)
with R = 8.3145 J K−1 mol−1 for the universal gas constant
and W = 0.032 kg/mol for the molar mass of 16O2. Flow ve-
locities shown in Fig. 4 are listed in Table A4.45
V. DISCUSSION
The calculated rates (Table I and Table A3 of supple-
mentary material45) have been assessed experimentally for
10 ≤ Tt ≤ 34 K by their capability to reproduce the mea-
sured d Pi/dt-values of MEQ (13) along the jet as a function
of the translational temperature Tt . The LH- versus RH-sides
comparison of MEQ (13) is done at fixed points with transla-
tional temperatures Tt = 34, 28, 22, 18, 16, 14, 12, 10 K, and
is shown in Fig. 7 and in Table II. They prove an outstand-
TABLE II. Comparison of the LH- versus RH-side of the MEQ (13) along
a supersonic jet of O2 generated at p0 = 230 mbar, T0 = 297 K, through a
D = 280 μm nozzle; d Pi /dt in units of 102 s−1. Uncertainty of the LH-side
is 1σ . For uncertainty of the RH-side, see text.
Tt /K d P1/dt d P3/dt d P5/dt d P7/dt
34 LH 829 ± 22 487 ± 21 −448 ± 22 −517 ± 79
RH 814 ± 22 418 ± 69 −490 ± 42 −543 ± 79
28 LH 691 ± 23 271 ± 20 −444 ± 19 −357 ± 60
RH 682 ± 23 234 ± 37 −465 ± 21 −350 ± 60
22 LH 521 ± 24 82 ± 19 −361 ± 15 −196 ± 37
RH 522 ± 24 64 ± 19 −376 ± 15 −184 ± 37
18 LH 387 ± 26 −11 ± 19 −265 ± 12 −106 ± 22
RH 398 ± 26 −20 ± 19 −274 ± 12 −93 ± 22
16 LH 317 ± 27 −41 ± 20 −210 ± 11 −71 ± 16
RH 337 ± 27 −50 ± 20 −223 ± 13 −63 ± 16
14 LH 245 ± 28 −59 ± 21 −154 ± 10 −43 ± 11
RH 272 ± 28 −66 ± 21 −166 ± 12 −38 ± 11
12 LH 173 ± 30 −63 ± 22 −100 ± 10 −21 ± 7
RH 209 ± 36 −71 ± 22 −117 ± 17 −21 ± 7
10 LH 105 ± 32 −56 ± 25 −51 ± 11 −6 ± 4
RH 149 ± 44 −63 ± 25 −75 ± 24 −11 ± 5
ing agreement, free from any fitting parameter, between a first
principles quantum calculation and an experiment where flow
dynamic quantities vary by orders of magnitude for a large
data set.
The uncertainty quoted in Table II for the LH-side of
MEQ (13) is the experimental one (1σ ) as propagated from
that of Pi . The uncertainty for the RH-side deserves some
comments in the frame of the Monte Carlo procedure em-
ployed to estimate the confidence intervals of the calculated
rates. It was set as follows: If the calculated RH-value matches
the LH-value within its experimental uncertainty, this is taken
as the reference uncertainty. Else, the uncertainty of the RH-
value is taken as the difference between experiment and cal-
culation as given in Table II.
A detailed insight of what is going on in the jet from the
point of view of the collisional energy transfer can be inferred
from the Tables A6–A13.45 There, the contribution of the in-
dividual ki j→m rates to the RH-side of MEQ (13) is given
explicitly. Tables A6–A13 can be easily converted to linear
equations which provide the basis for an objective estimate
of the confidence interval of the calculated rates. This is done
by Monte Carlo simulation randomly generating 1000 sets of
rates with a normal distribution centered at the values calcu-
lated in Sec. II (Table I and Table A3 of auxiliary material45),
and standard deviation to be determined until overlapping
with the experimental values of the LH-side of MEQ (13)
given in Table II is attained. This way one assures that the
confidence interval obtained for the rates is statistically con-
sistent with the experiment.
The result of the procedure described above is sum-
marized in Table I. At Tt = 34 K some rates are de-
termined to ≈6% (k33→13, k53→13), some others to ≈10%
(k31→11, k51→31, k53→33), and the remaining ones show larger
uncertainties. As can be seen in the sample of Table I, the
confidence interval gets wider with decreasing temperatures,
many of the rates at Tt = 10 K becoming ill-determined by
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the experiment. This is due in part to the degraded accuracy
of the experimental data in the terminal distance of the ex-
periment, and intrinsically to the low population of the rota-
tional triads other than N = 1 (see Fig. 6), causing the coef-
ficients aτωσρ to become very small and the products aτωσρ ×
kdownτω→σρ negligible. Note also that the d Pi/dt’s from Fig. 7 and
Table II tend asymptotically to zero for decreasing tempera-
tures, the trend being more pronounced for higher values of
i = N . This indicates that the quality of the information on
the rates is not homogeneous along the jet. As a rule, the rel-
ative uncertainty of d Pi/dt’s is small at short distances from
the nozzle (z = 1380 μm, Tt = 34 K), and large at the longer
distances (z = 7870 μm, Tt = 8 K).
Further comments on the confidence intervals of the rates
are pertinent. Every ki j→m rate associated to an inelastic col-
lision implies at least two rotational N -triads. For instance,
k33→31 accounts for the collisional depletion of the N = 3
triad of O2, and the simultaneous population of the N = 1
triad. Other rates like k51→33 involve three triads, depleting
the N = 5 and N = 1 triads, and populating N = 3. Others
like k17→35 involve four triads. This means that these rates ap-
pear in the d P1/dt and d P3/dt terms of the MEQ (13) in the
first case, in the d P1/dt , d P5/dt , and d P3/dt terms in the
second case, and in the d P1/dt , d P7/dt , d P5/dt , and d P3/dt
terms in the last case. In other words, this provides double,
triple, or fourfold experimental information on a given rate,
with different levels of quality depending on the “noise” of
the experimental data points concerning the rotational popu-
lations measured. As can be inferred from Figs. 6 and 7 and
from Tables A6 to A13,45 the confidence interval for every
ki j→m rate has an optimum corresponding to the best deter-
mined value of the d P/dt’s involved. This “best confidence
interval” is the one listed in Table I and in the more complete
Table A3.45
The controversial factor Fα in Eq. (8) can be discussed
in the light of the experimental results. The dashed lines in
Fig. 7 correspond to the calculated cross sections and rates
employing the factor F1 defined by Eq. (6), and the solid lines
to the factor F2 defined by Eq. (7). Figure 7 shows that the
factor F1 leads to results far less consistent with the experi-
ment than factor F2, which we judge the correct one on the
basis of statistical arguments. Moreover, when interpreted in
terms of confidence intervals according to the procedure out-
lined above, the confidence intervals with F1 become about
five times broader than with F2, i.e., showing a far larger un-
certainty for the calculated rates. This happens not only for
the kii→ rates affected by Fα but for the whole set of rates,
many of them becoming ill-determined.
Let us close this study by showing the remarkable sim-
ilarities found between the calculated rates of two diatomic
molecules which have been treated in the common theoret-
ical frame of the close-coupling method. These collisional
systems are the present O2:O2 and the previously studied
N2:N2,43 whose para-N2 variant is homologous to O2. Al-
though the validation of rates from the previous study of
N2:N2 collisions was not as successful as for O2:O2, it is in-
structive to compare the calculated rates of both systems. This
is shown in Table III, at Tt = 22 K, where the average ra-
tio 〈R〉(N2/O2) = 1.26 ± 0.12 is obtained for rate values and
TABLE III. Comparison of calculated down-rates for O2:O2 and pN2:pN2
inelastic collisions at Tt = 22 K. Rates are in units of 10−20 m3 s−1. Collid-
ing molecules are considered indistinguishable.
O2:O2 pN2:pN2 R(N2/O2)
Process /B ratea rateb
55 → 17 2 1348 1784 1.323
51 → 33 8 5351 7310 1.366
31 → 11 10 3621 4738 1.308
33 → 13 10 4060 5237 1.290
35 → 15 10 4728 6088 1.288
17 → 35 16 6364 7480 1.175
51 → 31 18 5475 6821 1.246
53 → 33 18 3941 4840 1.228
55 → 35 18 3544 4211 1.188
33 → 11c 20 806 1090 1.352
71 → 51 26 3845 4015 1.044
51 → 11 28 1132 1429 1.262
53 → 13 28 2948 4053 1.375
55 → 15 28 1242 1693 1.363
71 → 33 34 1831 2283 1.247
55 → 33c 36 1034 1077 1.042
53 → 11 38 531 799 1.505
71 → 31 44 2121 2370 1.117
55 → 31 46 727 886 1.219
71 → 11 54 521 576 1.105
55 → 11c 56 157 228 1.452
〈R〉 = 1.26 ± 0.12
aThis work;
bReference 43.
cCalculated with factor F2.
energy gaps varying by a factor up to ≈30. This suggests that
the anisotropy of the PES’s (Ref. 31 and 62) employed for
calculating the rates of both systems is not too different, a
point which deserves a closer scrutiny in future works. On the
other hand, just a crude correlation between the rates and their
reduced energy gaps /B is observed, with decreasing rates
for increasing /B, indicating that the longly pursued scaling
laws are more complex than expected.
VI. SUMMARY, FUTURE PROSPECTS,
AND CONCLUSIONS
Close-coupling calculations for O2:O2 inelastic collisions
have been performed using the fully ab-initio singlet, triplet,
and quintet PES’s of Ref. 31. State-to-state cross sections
have been calculated for 66 inelastic i j → m collisional
processes involving rotational triads of O2 up to N = 9,
in a grid of energies up to 300 cm−1. The three sets of
cross sections have been averaged over their spin multiplic-
ities and transformed into the corresponding state-to-state
rate coefficients for the temperature range 4 ≤ Tt ≤ 34 K.
The accuracy of these rates has been assessed experimentally
in the range 10 ≤ Tt ≤ 34 K by means of the Master Equation
describing the evolution of rotational populations along the jet
as measured by Raman spectroscopy. The 1σ confidence in-
terval estimated for the rates on the basis of the experimental
data rests upon a Monte Carlo procedure.
This confidence interval varies very much with the trans-
lational temperature and with the particular rate coefficient.
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As a rule the confidence interval at low temperature is broader,
and rates involving higher N -triads have, in general, larger
uncertainties. Among the 66 rates, the best determined ones
by the experiment are accurate (1σ ) to ≈6% in the higher
end of translational temperatures investigated, Tt = 34 K. In
the lower end accessible to the experiment with confidence,
Tt = 10 K, the best determined rates are accurate to 17%. All
rates show a smooth dependence on the translational temper-
ature in the range 4 ≤ Tt ≤ 34 K.
From the experimental point of view these results are
amenable to improvement, i.e., narrowing the confidence in-
tervals of the rates by optimizing the design of the experi-
ment. In particular, the study of O2 jets with the same noz-
zle at higher stagnation pressures, up to 1 bar, would reduce
substantially the spectral noise, improving the accuracy of
the measured flow quantities. Under these conditions, a bet-
ter sampling of the datapoints along the jet would surely al-
low reaching Tt ≈ 6K. Stagnation pressures higher than 1 bar
may induce some condensation, introducing systematic er-
rors. A survey jet of O2 expanded at p0 = 10 bar through a
D = 90 μm nozzle has shown clear evidence of condensa-
tion at z ≥ 5D. The released condensation heat60 increases
the temperature and cannot be quantified with the accuracy
required by the present methodology. On the other hand, sig-
nificant cooling of the nozzle in order to reach lower tempera-
tures would also lead to the undesired effect of condensation.
A point which needs to be considered carefully for fu-
ture experiments is the characterization of the rotational tem-
perature profile across the barrel boundary of the jet. As ob-
served here, at downstream distances z/D > 15 the barrel
tends to contaminate thermally the paraxial region of the jet
rising its temperature, specially for low Reynolds numbers
(Re∗ < 500) at the source. Removal of this thermal contam-
ination would probably extend the experimentally accessible
range down to Tt ≈ 4 K.
Translational temperatures up to 60 K can be reached in
the experiment easily, and even higher by employing slit noz-
zles, but the Master Equation should require a set of rates
much larger than that obtained here. This is indeed a prob-
lem of computational cost where alternative approaches as
the coupled-states approximation63 might prove useful for the
present experimental method at higher temperatures.
An interesting problem closely related to the present
work is the possibility of studying collisional quasi-elastic
processes occurring within a given N -triad of O2, like
O2(N , Ja) + O2(N , Jb) −→ O2(N , J ′a) + O2(N , J ′b).
(20)
Quantum calculations of cross sections for these processes
have been reported at zero-64 and non-zero magnetic field65, 66
for the ultracold regime. Due to the much higher energy
regime considered in the present work only a coarse com-
parison with the zero-field case is possible. The calculated
inelastic cross sections64 within the N = 1 triad of 16O2 show
peak values ranging from 10 to 100 Å2 located at energies
between 0.1 and 1 K, i.e., somewhat smaller than the largest
down cross sections calculated here for inter-triad collisions.
Within the present experimental methodology the study
of N = 1 quasi-elastic collisions does not seem possible for
O2:O2, due to the low rotational temperatures required, well
under 4 K. However, since rotational temperatures below this
threshold are easier to attain in O2 + He mixed jets, a sim-
pler variant of this problem seems feasible for O2:He.25–28 An
open question worth to be investigated is whether the align-
ment of O2 in O2 + He jets67 can be detected and quantified
by the present methodology.
In addition to the quantitative results reported here, the
following general conclusions are drawn:
(1) The present computational results (Table A3 in
Ref. 45) and the experimental jet data (Tables A4 and A5
in Ref. 45) provide a solid basis for the interpretation of re-
laxation phenomena in low-temperature O2 in terms of el-
ementary collisional processes, since some transport coef-
ficients, such as the volume viscosity, rotational relaxation
cross section, relaxation time, collision number and, in part,
the thermal conductivity depend on the inelastic state-to-
state cross sections or rates.3–11 Although not in the scope
of present work, earlier modeling of supersonic jets and re-
lated concepts59 can be re-examined in the light of far more
accurate data. In addition, the rates are a fundamental part of
spectral line broadening, shifting, and mixing coefficients for
remote sensing applications involving O2.1
(2) The calculated rates prove consistent with the experi-
ment to better than 10% in the favourable cases. This strongly
suggests that the anisotropy of the fully ab-initio PES’s em-
ployed in the calculation31 is of very good quality in the range
of collisional energies up to 300 cm−1, and that the Hamilto-
nian employed for the nuclei dynamics is highly reliable.
(3) The theoretical-experimental methodology combin-
ing as a whole close-coupling calculations, supersonic jets,
Raman spectroscopy, Master Equation, and Monte Carlo sam-
pling, proves highly efficient for obtaining and assessing
state-to-state rate coefficients of molecular gases at tempera-
tures well below their freezing point, a region hardly accessi-
ble to other techniques based on static gas samples. This is im-
portant for the study of sharp non-equilibrium problems in as-
trophysics, in particular, cold collisions of relevant molecules
of the interstellar medium (H2O, CO) with far more abundant
light projectiles (H2, He).
(4) Finally, the unifying character of the present work
should be stressed, as it successfully merges concepts and
equations from the molecular quantum world (Schrödinger
equation, Master Equation) with macroscopic quantities from
fluid mechanics (in Boltzmann and Navier-Stokes equations)
which vary by orders of magnitude in the time scale of μs.
The full agreement of theory with experiment found here,
paves the way for a complete understanding of the multiple
facets of non-equilibrium gas dynamics.
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